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Cyclic nucleotide-gatedchannels (CNGCs) transduce
external signals required for sensory processes, e.g.,
photoreception, olfaction, and taste. Nerve growth
cone guidance by diffusible attractive and repulsive
molecules is regulated by differential growth cone
Ca2+ signaling. However, the Ca2+-conducting ion
channels that transduce guidance molecule signals
are largely unknown. We show that rod-type CNGC-
likechannels function in the repulsionof culturedXen-
opus spinal neuron growth cones by Sema3A, which
triggers the production of the cGMP that activates
the Xenopus CNGA1 (xCNGA1) subunit-containing
channels in interneurons. Downregulation of xCNGA1
or overexpression of a mutant xCNGA1 incapable of
bindingcGMPabolishedCNGcurrentsandconverted
growth cone repulsion to attraction in response to
Sema3A. We also show that Ca2+ entry through
xCNGCs is required tomediate the repulsive Sema3A
signal. These studies extend our knowledge of the
function of CNGCs by demonstrating their require-
ment for signal transduction in growthconeguidance.
INTRODUCTION
During nervous system development, adult neurogenesis, and
adult postinjury nerve regeneration, extending neurites (both
axons and dendrites) must migrate toward their correct destina-
tion to establish functional neural connections (He et al., 2002;
Huber et al., 2003). Nerve growth cones—the tips of growing
neurites—sense diffusible and membrane-bound guidance mol-
ecules in their microenvironment and transduce their signals to
impose directional guidance on neurite extension (Tessier-Lav-
igne and Goodman, 1996). The molecular mechanisms by which
nerve growth cones sense different guidance molecules and
transduce their signals to achieve this directional guidance are
largely unknown. Current evidence indicates that Ca2+-conduct-
ing channels in the growth cone plasma membrane are media-
tors of early signaling events during growth cone guidance.
Ca2+ entry through L-type voltage-gated Ca2+ channels (L-type694 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.VDCCs) is required for growth cone attraction toward a gradient
of the diffusible guidance molecule netrin-1 in cultured Xenopus
spinal neurons (Hong et al., 2000; Nishiyama et al., 2003). If these
channels are pharmacologically blocked, the attraction is con-
verted to repulsion. Moreover, both in vivo and in vitro studies
show that transient receptor potential canonical (TRPC) chan-
nels act as early sensors of some attractive guidance molecules
(e.g., of netrin-1 and brain-derived neurotrophic factor [BDNF];
Shim et al., 2005; Wang and Poo, 2005). These channels cause
growth cone membrane depolarization and, thus, likely facilitate
Ca2+ entry through L-type VDCCs (Wang and Poo, 2005). Differ-
ent guidance molecules exert their effects on different types of
neurons and act at specific developmental stages (Yu and Barg-
mann, 2001) or on cultured neurons of different ages (Wang and
Zheng, 1998; Campbell et al., 2001). Netrin-1 exerts its attractive
signal in growth cones of cultured Xenopus spinal neurons
derived from stage 22 embryos (Ming et al., 1997; Hong et al.,
1999), but semaphorin 3A (Sema3A), a potent, diffusible, re-
pellent guidance molecule, exerts its effect on growth cones of
spinal neurons derived from stage 26 embryos, not earlier (Nish-
iyama et al., 2003). Similarly, expression of different Ca2+-con-
ducting channels is also neuronal- and developmental stage-
specific (Jimenez-Gonzalez et al., 2003): e.g., the expression of
L-type VDCCs begins in young developing neurons, whereas
P/Q-type VDCCs occur generally in adult neurons. Therefore, it
is likely that the concerted developmental expression of different
guidance molecules and the ion channels that mediate their sig-
nals ordain the ontogeny of the nervous system. Different, devel-
opmentally expressed cell-surface Ca2+-conducting channels,
perhaps acting in conjunction, may regulate the intracellular
growth cone Ca2+ dynamics that control the behaviors of growth
cones in response to different, developmentally expressed guid-
ance molecules (Gomez and Zheng, 2006; Henley and Poo,
2004).
Cyclic nucleotide-gated channels (CNGCs) are ubiquitously
expressed in various regions of neuronal and nonneuronal cells
of animals and plants (Frietsch et al., 2007; Kaupp and Seifert,
2002; Matulef and Zagotta, 2003). These channels function
largely as transducers of sensations, such as photoreception, ol-
faction, and taste (Kaupp and Seifert, 2002). However, it has
been suggested that CNGCs also function in axonal pathfinding
in vivo. The pattern of convergence of axonal projections onto
glomeruli in the mouse olfactory bulb was markedly disrupted
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receptor-expressing neurons (Zheng et al., 2000). Similarly, in C.
elegans, mutants of both tax-2, a CNGB homolog, and tax-4,
a CNGA1 homolog, showed disrupted axonal projections of
gustatory ASJ sensory neurons (Coburn and Bargmann, 1996;
Komatsu et al., 1996). Despite our knowledge of their potential
function during early neurite extension, it is unknown whether
CNGCs also function to effect signaling by external guidance
factors. CNGCs are Ca2+-conducting cation channels activated
by the binding of cyclic nucleotides to their channel protein sub-
units (Kaupp and Seifert, 2002). Different CNGC subtypes are
differentially sensitive to different cyclic nucleotides: vertebrate
rod photoreceptor-type CNGCs are selectively activated by
cGMP binding, whereas olfactory-type CNGCs are activated
by either cAMP or cGMP binding. In their native forms, CNGCs
are heterotetramers composed of A- (CNGA1-A4) and B-type
(CNGB1 and B3) subunits (Kaupp and Seifert, 2002; Matulef
and Zagotta, 2003); A-type subunits (A1–3, not A4) can form
functional homomeric channels in heterologous expression
systems; B-type subunits do not, but instead coassemble with
A-type subunits and modulate their properties. Different cell
types have CNGCs with different subtype subunit stochiometries
(Kaupp and Seifert, 2002): native rod photoreceptor CNGCs are
composed of 3 CNGA1: 1 CNGB1a, cone photoreceptor CNGCs
are composed of 2 CNGA3: 2 CNGB3, and olfactory neuron
CNGCs are composed of 2 CNGA2: 1 CNGA4: 1 CNGB1b.
These channel subtypes differ in their relative conductivity of
Ca2+. For example, Ca2+ currents through olfactory channels
are much greater than those through rod photoreceptor chan-
nels (Frings et al., 1995; Hackos and Korenbrot, 1999). There-
fore, the activities of different CNGC subtypes result in different
Ca2+ dynamics that affect different cellular functions (Kaupp and
Seifert, 2002).
In the present study, we found that a repulsive Sema3A signal
increases CNG currents in growth cones of cultured Xenopus
spinal neurons. We show that a photoreceptor rod-type-like
cGMP-gated CNGA1 subunit (xCNGA1) is expressed in Xenopus
spinal interneurons. Sema3A triggers elevation of cGMP, which
activates xCNGCs composed of xCNGA1 subunits during
Sema3A-induced growth cone repulsion. Surprisingly, we found
that inactivation of xCNGCs converts the Sema3A-indcued
repulsion to PKG-dependent attraction. Finally, we show that
Ca2+ entry through xCNGCs is required for Sema-3A growth
cone repulsion. Beyond their classical roles in sensory transduc-
tion, our studies reveal that these channels also mediate the sig-
naling of an external, diffusible, repulsive guidance molecule to
control the migration of developing nerve growth cones.
RESULTS
CNG Currents Are Increased by Sema3A Signaling
Previously, it was shown that Sema3A can induce repulsion of
cultured Xenopus spinal neurons, even at low extracellular
Ca2+ concentration ([Ca2+]o) (micromolar ranges) (Song et al.,
1998). We therefore reasoned that Ca2+ entry via non-VDCCs,
which conduct an appreciable amount of Ca2+ even at a low
[Ca2+]o, may be required for Sema3A-induced repulsion of cul-
tured neurons. To identify such channels, we examined leak cur-rents (other than voltage-dependent Na+, K+, and Ca2+ currents)
in growth cones of Xenopus embryonic stage 26 spinal neurons
cultured for 16–20 hr. Because VDCC blockers affect the magni-
tude of leak currents (Brown et al., 2006), we first designed
a computed, inversed voltage-ramp protocol that excludes
contamination from VDCC currents (Figure S1 and Supplemental
Experimental Procedures available online). Whole-cell voltage-
clamp recordings were made at the palms of growth cones
(Figure 1A). Initially, the growth cone membrane potential was
held at 10 mV for at least 1 min, and then it was held at +60 mV
for 300 ms (Figure 1B, top). This procedure inactivates the major-
ity of the VDCCs (except for L-types, which were blocked by
20 mM nimodipine; Figure S1B). We then applied the ramp proto-
col with a commanding potential from +120 mV to 120 mV for
1 s to evoke leak currents (Figure 1B, top). During the leak current
measurement, the majority of the Na+ and K+ channels were also
blocked, respectively, by bath-applied saxitoxin (STX, 10 nM) or
tetraethylammonium (TEA, 35 mM).
We first measured total leak currents in growth cones exposed
to a repulsive Sema3A gradient (12 nM in micropipettes) (Fig-
ure 1B, bottom, and 1C) generated at a distance of 100 mm for
5 min before whole-cell recordings were made and that per-
sisted throughout the duration of recording. We found that
both inward and outward leak currents were significantly en-
hanced compared to those of control growth cones not exposed
to Sema3A (Blank, Figure 1C). This enhancement was not
observed when either a mutant Npn-1 receptor that does not
bind Sema3A [Npn-1, NP-1 (0111); Nakamura et al., 1998] was
overexpressed (Figures S3A and S3C) or when growth cones
were exposed to SNP-1 (10 ng/ml), a soluble Npn-1 Sema3A-
binding ectodomain (Goshima et al., 1997) (Figure 1C). These re-
sults demonstrate that Sema3A causes an increase of the leak
currents. To determine whether these increased leak currents
resulted from the activation of Xenopus CNGCs (xCNGCs), we
examined the effect of L-cis diltiazem (25 mM), a specific CNGC
blocker (selective blocker of CNGB subunits; Stern et al.,
1986), applied in the bath 30 min before exposure of the growth
cone to the Sema3A gradient. The L-cis diltiazem eliminated the
increased leak currents caused by the Sema3A (Figure 1D), indi-
cating that putative xCNGCs in the growth cone (probably heter-
otetrameric channels with B1 subunits, Figure 1E; Kaupp and
Seifert, 2002) are likely activated by Sema3A signaling. Netrin-
1, which induces repulsion of the growth cones of younger
neurons derived from Xenopus stage 22 embryos when its
receptors, DCC and UNC5, are expressed (Hong et al., 1999;
Nishiyama et al., 2003), did not increase these CNG currents
(Figure 1E). Thus, activation of xCNGCs is specific to a Sema3A
signal, not to a repulsive netrin-1 signal. Furthermore, these in-
creases of xCNG currents occurred only in the growth cones,
which faced the Sema3A source, not in the soma, which were re-
mote (300–400 mm away) from the Sema3A source (see
Figure 1A). This localized activation of growth cone xCNGCs
was confirmed at low [Ca2+]o (<1 nM; Experimental Procedures,
Figure 1F), in which propagation of the Ca2+ signal between the
growth cone and soma is unlikely to occur. The similar ampli-
tudes of CNG outward currents in the presence (1.6 mM,
Figure 1E) and absence (<1 nM, Figure 1F) of [Ca2+]o suggests
that the localized CNG currents emanate from the growthNeuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 695
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(A) (Upper) Image of a Xenopus spinal neuron during whole-cell recording. Gc, growth cone; Sm, soma; S, Sema3A source; Rec, recording pipette. (Lower)
2.53 magnification of upper panel to show detail of recording pipette on growth cone.
(B) Leak-current-inducing voltage ramp (top) and corresponding leak current (bottom).
(C and D) Sample (left) and summary (right) of control (C) and L-cis diltiazem (25 mM)-resistant (D) leak currents evoked by the voltage ramp shown in (B).
(E) Summary (left) and cumulative distribution (currents at +100 mV, right) of L-cis diltiazem-sensitive leak currents. These currents were obtained by subtracting
currents in (D) from those in (C).
(F) Summary (top) and cumulative distribution (currents at +100 mV, bottom) of L-cis diltiazem-sensitive leak currents in the absence of extracellular Ca2+ (with
0.5 mM EGTA). Increased L-cis diltiazem-sensitive leak currents were detected at growth cones exposed to Sema3A gradients, but not at the soma.
Error bars represent SEM. Significant differences from control are indicated (**p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.cone, not from the soma, in response to Sema3A. The absence
of a rectification profile for the leak currents in the absence of
[Ca2+]o is a characteristic of the CNG current profile (Kaupp
and Seifert, 2002).
Expression of cGMP-Gated xCNGA1 in Xenopus
Spinal Interneurons
The amino acid sequence of the Xenopus laevis CNGA1 subunit
(xCNGA1) is more than 70% identical to the vertebrate rod-type
CNGA1 (Figure S2), and the sequence of its cGMP-binding do-
main (CNB) is almost completely identical to that of the bovine
CNGA1 subunit (bCNGA1) (Figure 2A). To determine whether
xCNGA1 is expressed in the growth cones that we studied, we
performed immunocytochemical analyses using the monoclonal
antibody (mAb) PMc 1F6, generated against the CNB of
bCNGA1 (Bo¨nigk et al., 1993). As shown in Figure 2B, immuno-
reactivity (IR) of PMc 1F6 was especially prominent in the growth696 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.cones and distal neurites. Neurons that were immunopositive for
PMc 1F6 were also immunopositive for Npn-1 (detected by poly-
clonal antibody C19; 85%, 127 out of 150 neurons; Figures 2C
and 2E). The majority of these cultured neurons were likely com-
missural interneurons (immunopositive to 3A10, Shim et al.,
2005; Yamada et al., 1991) that also expressed Npn-1 (83%,
126 out of 151 neurons; Figures 2D and 2E). Thus, we conclude
that xCNGA1 is expressed in Xenopus spinal interneurons. We
then confirmed the presence of functional cGMP-gated xCNGCs
in these growth cones by measuring changes in leak currents
while perfusing 8-Br-cGMP intracellularly (1 mM) through the re-
cording pipettes (Figure 2F; Gordon et al., 1995). Both overex-
pression of the mutant xCNGA1D46, which has a 46 amino
acid deletion in the CNB (Figure 2A and Figures S3B and S3C),
and bath application of L-cis diltiazem eliminated the leak
currents activated by intra-growth cone perfusion of 8-Br-
cGMP (Figure 2F). These results demonstrate that functional,
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cGMP-CNG Channel Mediates Sema3A-Induced RepulsionFigure 2. Functional Expression of cGMP-Gated xCNGA1 in Cultured Xenopus Spinal Interneurons
(A) Schematic structure of xCNGA1 and 46 amino acid sequence deleted from cGMP-CNB (xCNGA1D46) aligned with the sequences of human, rat, mouse,
and bovine CNGA1s and C. elegans Tax-4. Numbers indicate amino acid position; boxes, identical residues; black line, amino acids targeted by morpholino
oligonucleotides (MO) beginning at the methionine (+1) translational start codon; green bar, epitope potentially recognized by PMc 1F6 mAb.
(B) Phase contrast (left), xCNGA1 immunoreactivity (IR, detected by PMc 1F6 mAb) is enriched at growth cones (right). (Upper) 33magnification of lower panel to
show growth cone detail.
(C–E) Coexpression of xCNGA1 (PMc 1F6 mAb) and Npn-1 (C-19 polyclonal Ab) in (C); commissural interneurons (3A10 mAb) and Npn-1 (C-19) in (D), in cultured
Xenopus spinal neurons. xCNGA1 and Npn-1 are expressed in a majority of commissural interneurons (85%) in (E).
(F) Sample (top), summary (middle), and cumulative distribution (currents at +100 mV, bottom) of leak currents during intracellular perfusion with 8-Br-cGMP
(1 mM).
Error bars represent SEM. Significant differences from control are indicated (**p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.cGMP-activated xCNGCs are present in developing Xenopus
spinal interneuron growth cones.
xCNGA1 Is Required for CNG Currents Triggered
by Sema3A
To determine whether the increased CNG currents induced in
growth cones exposed to Sema3A (Figure 1) are caused by
activation of xCNGA1, we tested the effects of knockdown of
endogenous xCNGA1. Morpholino antisense oligonucleotides
were designed to block the translation of endogenous xCNGA1
mRNAs by targeting its translational start site (the AUG start
codon and eight subsequent codons, Figure 2A; Experimental
Procedures). Because ongoing protein synthesis is required forgrowth cone responses to Sema3A (Campbell and Holt, 2001),
we applied the morpholino oligonucleotides (MO, 1 mM) in the
culture medium during cell plating to test the effect of reducing
endogenous xCNGA1 on the Sema3A-induced growth cone
CNG currents. Pretreatment with A-xCNGA1, but not with
S-xCNGA1, significantly reduced Sema3A-induced inward and
outward CNG currents (Figure 3C), without affecting L-cis diltia-
zem-resistant currents (Figures 3C and 3D). As shown in Figures
3A and 3B, pretreatment with the antisense MO (A-xCNGA1)
significantly reduced the intensity of the xCNGA1 IR in growth
cones (29.8% ± 3.5% of nontreated growth cones, ±SEM) with-
out significantly affecting the number of xCNGA1-immunoposi-
tive growth cones. Pretreatment with sense MO (S-xCNGA1,Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 697
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(A and B) Sample images, bright field (left), immunofluorescence (right) (A), and summary (B) of normalized xCNGA1 IR at growth cones and population percent-
age of xCNGA1 immunopositive growth cones (hatched bars). xCNGA1 IR was significantly reduced by A-xCNGA1 but not by S-xCNGA1 pretreatment.
(C and D) Sample (left) and summary (right) of total (C) and L-cis diltiazem (25 mM)-resistant (D) leak currents.
(E) Summary (left) and cumulative distribution (currents at +100 mV, right) of L-cis diltiazem-sensitive leak currents (currents in [D] subtracted from those in [C]).
A- and S-xCNGA1: antisense and sense morpholino oligonucleotide-treated, respectively. Error bars represent SEM. Significant differences from control are
indicated (**p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.control) caused no significant reduction (98.7% ± 9.8% of non-
treated growth cones; Figures 3A and 3B). Therefore, A-
xCNGA1, but not S-xCNGA1, pretreatment caused a specific re-
duction of xCNGA1, and we conclude that the xCNGA1 subunit
is an essential component of L-cis diltiazem-sensitive xCNGCs,
the activities of which are enhanced by growth cone exposure
to Sema3A. Moreover, the CNG currents that were enhanced
by Sema3A were eliminated by overexpression of xCNGA1D46
(Figure 3E). Thus, we conclude that cGMP binding is required
for activation of xCNGCs by the Sema3A signal.
xCNGA1 Functions in Sema3A-Induced Growth
Cone Repulsion
As shown in Figures 4A–4C (top), growth cones ofXenopus spinal
neurons derived from stage 26 embryos normally repel19 ± 1698 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.from a microscopic gradient of Sema3A (Nishiyama et al., 2003).
This repulsion was blocked either by overexpression of NP-1
(0111) or by bath application of SNP-1 (Figure 4C, top), demon-
strating that Sema3A-Npn-1-signaling induces repulsion. Sur-
prisingly, bath application of L-cis diltiazem (25 mM) converted
the repulsion to attraction (Figures 4A–4C, top). We next tested
the effect of reducing endogenous xCNGA1 on growth cone turn-
ing by pretreating growth cones with A-xCNGA1. The repulsive
turning induced by Sema3A was converted to attraction, to a
similar degree as that caused by treatment with L-cis diltiazem
(Figures 4A–4C, top), whereas pretreatment with S-xCNGA1
had no significant effect (Figure 4C, top). This conversion
was specific to Sema3A, because netrin-1-induced repulsive
turning was not affected by the same treatments (Figure 4C,
top). These results suggest that activation of xCNGCs is required
Neuron
cGMP-CNG Channel Mediates Sema3A-Induced RepulsionFigure 4. xCNGA1 Is Required for Sema3A-Induced Growth Cone Repulsion
(A and D) Images of growth cones before (0 hr) and after (1 hr) exposure to gradients of either Sema3A or 8-Br-cGMP. Superimposed traces of neurite trajectories
after 1 hr (right).
(B) Cumulative distribution of turning angles in response to the Sema3A gradient shown in (A).
(C and E) Average turning angles (top) and net neurite outgrowths (bottom) for all experiments in response to the indicated gradients.
Errorbars represent SEM. Significant differences from the control are indicated (*p < 0.05; **p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.for Sema3A-induced repulsion and that signaling by different re-
pulsive guidance molecules is likely regulated by different mech-
anisms. Overexpression of xCNGA1D46 also causedgrowth cone
attraction (Figures 4A–4C, top) similar to that caused by pretreat-
ment with either L-cis diltiazem or A-xCNGA1, suggesting the re-
quirement for cGMP-dependent activation of xCNGCs. However,
the conversion of Sema3A-induced repulsion to attraction in the
absence of xCNGC activity may result from the switching from
a cGMP-dependent- to a PKG-dependent signaling pathway
(Polleux et al., 2000; Song et al., 1998; see below and Discussion).
Cyclic GMP Induces Growth Cone Repulsion
by Activating xCNGCs
In vivo studies have demonstrated that optimal cGMP levels are re-
quired for the transduction of Sema-1a-induced repulsive signals(Ayoobetal., 2004).Wethereforeused anti-cGMPantibodies in im-
munocytochemical studies (AB303) to examine changes in growth
cone intracellular cGMP concentration ([cGMP]i) in response to re-
pulsive Sema3A. Because of technical limitations in determining
the absolute growth cone [cGMP]i, we used the relative changes
in cGMP immunoreactivity (IR) that occur in response to Sema3A
asa surrogate measure of theabsolutechanges of [cGMP]i thatoc-
cur (see Figure S4). Bath application of Sema3A (12 pM in the bath)
for 5 min induced an5-fold increase of cGMP IR (likely equivalent
to that of 3.2 mM 8-Br-cGMP, Figure S4B) above the basal level, as
monitored by confocal imaging (Figures 5A and 5B). As expected,
the increase of cGMP IR was eliminated by overexpression of mu-
tant NP-1 (0111) receptors (Figures 5A and 5B). The Sema3A-
induced increase of cGMP IR was significantly reduced in the
presence of 1H-[1,2,4]oxadiazole[4,3-a] quinozalin-1-one (ODQ),Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 699
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cGMP-CNG Channel Mediates Sema3A-Induced RepulsionFigure 5. Sema3A-Npn-1 Signaling Triggers [cGMP]i increase at Growth Cones and Causes a [cGMP]i Gradient across the Growth Cone
(A and B) Sample images (A) and summary (B) of cGMP IR (normalized to endogenous resting cGMP IR, %) at growth cones. Treatment with Sema3A (12 pM, in
the bath) for 5 min increased cGMP IR, which was eliminated by NP-1 (0111) overexpression.
(C and D) Sample images (C) of cGMP immunostaining and sample ([D], top) and summary ([D], bottom) of cGMP IR (arbitrary unit, AU). A Sema3A gradient trig-
gered a cGMP gradient across the growth cones. Arrows indicate the direction of Sema3A ([C], top) and culture medium (Blank; [C], bottom) application. Par-
abolic-concentric lines mark distances of 97, 100, 103, and 106 and 109 mm from the gradient source (placed at 100 mm distance with 45 angle (C). Average
cGMP IR along each concentric line was plotted against the distance from the gradient source (D). Growth cones treated with Sema3A gradients (12 nM, in mi-
cropipettes) but not with culture medium (Blank) showed a cGMP IR gradient across the growth cone that decreased with increasing distance for the gradient
source (filled circles). Average cGMP IR along parabolic-concentric lines that were rotated 90 counterclockwise (counter-source) did not show cGMP IR gra-
dients for either the control or Sema3A-treated samples (open circles). Data points marked by asterisks: the boundaries where there is a significant difference
between the near side and the far side to the Sema3A gradient ([D], bottom).
(E) Summary of cGMP IR (AU) in each condition shown in (D). Sema3A gradients increased cGMP IR at growth cones but not at the soma. GC, growth cone; SM,
soma; local max, the local maximum cGMP IR occurred at the side of growth cones that faced the Sema3A gradient.
Error bars represent SEM. Significant differences from the control are indicated (*p < 0.05; **p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.a soluble guanylyl cyclase (sGC) inhibitor (see Figure S5), suggest-
ing thatcGMP production by sGC occursduring Sema3A repulsive
signaling. Thus, an increase of growth cone [cGMP]i, triggered by
Sema3A-Npn-1 signaling, is likely responsible for the activation
of xCNGCs. We also found that Sema3A gradients induced
a [cGMP]i gradient (detected by IR) across the growth cones in
which the [cGMP]iat theside of thegrowthcone facing the Sema3A
gradient (for 5 min from 100 mm distance at 45) was significantly
greater (40.1%± 6.3%; n = 6) than that at the opposite side (Figures
5C and 5D). The average (420% that of endogenous resting) and
local maximum (600% that of endogenous resting) cGMP IR at
growth cones in response to Sema3A (Figure 5E) was estimated
to be equivalent to that of 2.3 and 6.0–10 mM 8-Br-cGMP, respec-
tively. These observations suggest that cGMP mediates Sema3A-
induced growth cone repulsion and are consistent with the idea
that signaling occurs at subcellularly localized positions (Figure1F),
because the Sema3A gradients induced an increase of cGMP IR
only in the growth cones, not in the soma (Figure 5E).700 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.To determine whether cGMP, per se, not by its activation of
PKG, mediates Sema3A-induced repulsion, we tested the effect
of a chemical gradient of the membrane-permeable, PDE-resis-
tant cGMP analog, 8-Br-cGMP, on growth cone guidance,
thereby bypassing the Sema3A-Npn-1 branch of the signaling
pathway. As shown in Figures 4D (top) and 4E (top), growth
cones were attracted toward a gradient of 8-Br-cGMP (50 mM
in the micropipettes), similar to their attraction toward a gradient
of Sema3A in the presence of bath-applied 8-Br-cGMP (Song
et al., 1998). This attraction required PKG activity, because it
reverted to repulsion when the PKG inhibitor KT5823 (750 nM,
Figures 4D, second row, and 4E, top) was applied in the bath. Im-
portantly, the repulsion was significantly reduced in the presence
of L-cis diltiazem (coapplied with KT5823; Figures 4D, third row,
and 4E, top). Thus, activation of xCNGCs by cGMP, per se,
causes growth cone repulsion in cultured neurons derived from
stage 26 embryos. When we bath applied L-cis diltiazem to-
gether with a membrane-permeable, PDE-resistant cGMP
Neuron
cGMP-CNG Channel Mediates Sema3A-Induced Repulsionanalog and PKG inhibitor, Rp-8-pCPT-cGMPS [8-(4-chlorophe-
nylthio)guanosine-30-50cyclic monophosphorothioate, 25 mM],
which is also a rod-type CNGC activator (Kramer and Tibbs,
1996), the preferential turning in response to the Sema3A gradi-
ent was blocked (Figures 4D, bottom, and 4E, top). Taken
together, these results support the hypothesis that the cGMP
produced in response to Sema3A activates xCNGCs during
Sema3A-induced repulsion. In contrast, Sema3A-induced at-
traction requires PKG activity (caused by the higher cGMP con-
centration resulting from the bath application of 8-Br-cGMP
[Song et al., 1998] or by the high concentration 8-Br-cGMP gra-
dient [see Figures 4D and 4E, top]). The molecular and pharma-
cological manipulations of xCNGCs did not significantly affect
either growth cone motility (i.e., did not cause growth cone col-
lapse, Figures 4A and 4D) or net neurite outgrowth (Figures 4C,
bottom, and 4E, bottom) during the 1 hr growth cone turning as-
say period. Sema3A is also an inhibitor of neurite outgrowth (To-
gashi et al., 2006). However, the signal transduction pathways
for Sema3A-induced growth cone repulsion and axon growth in-
hibition are thought to be independent of one another (Togashi
et al., 2006; Ben-Zvi et al., 2008). While the activation of xCNGCs
by Sema3A-Npn-1 signaling might be essential for Sema3A-
induced growth cone turning, it may not be critical for the
Figure 6. Ca2+ Entry through xCNGCs Is
Both Necessary and Sufficient for Sema3A-
Induced Growth Cone Repulsion
(A) Computational analyses of Ca2+ currents
through CNGCs and VDCCs at various growth
cone membrane potentials and [Ca2+]o (left) and
those calculated in 10 mM [Ca2+]o (right). Black
line (white arrow): border line at which Ca2+ cur-
rents through CNGCs and VDCCs are the same
(left). White line (yellow arrow): CNG Ca2+ currents
in 10 mM [Ca2+]o (left).
(B) Computed prediction of growth cone [Ca2+]i in-
creases at various [Ca2+]o in response to the repul-
sive Sema3A. Experimental data in 10 mM [Ca2+]o
(red dot) and normal culture medium (yellow dot)
are indicated, corroborating the model.
(C) Average turning angles (top) and net neurite
outgrowths (bottom) in response to Sema3A
gradients at indicated [Ca2+]o.
Error bars represent SEM. Significant differences
from the control are indicated (*p < 0.05; Mann-
Whitney U test). (n) = number of growth cones
examined.
Sema3A-induced neurite outgrowth inhi-
bition signaling pathway.
Ca2+ Entry via xCNGCs Is Required
for Sema3A-Induced Repulsion
Biophysical studies showed that CNGCs
exhibit a relatively high cation conductiv-
ity, even at low [Ca2+]o (mM concentra-
tions; Figure S4B), whereas Ca2+ entry
through VDCCs requires a high [Ca2+]o
(ranges in mM; Figure S1C). As shown in
Figure 6C (top), a normally repulsive
Sema3A gradient did not induce preferential turning in the ab-
sence of [Ca2+]o (<1 nM), and neurite outgrowth was reduced, al-
though not significantly, compared to that which occurs in normal
[Ca2+]o (1.6 mM Ca
2+, Figure 6C, bottom, see Figure 4C), sug-
gesting that Ca2+ entry is required for Sema3A-induced repul-
sion. Reduction of xCNGC activity by either bath-applied L-cisdil-
tiazem or A-xCNGA1 pretreatment caused a growth cone
membrane depolarization (DE: 16.3 ± 1.6 mV, n = 11, or 11.2 ±
2.0 mV, n = 12, respectively) similar to that caused by Sema3A
at increased cGMP concentrations (50–100 mM bath-applied
8-Br-cGMP; Nishiyama et al., 2008). This membrane depolariza-
tion resulted in the conversion of Sema3A-induced repulsion
to attraction, which was accompanied by a high increase of
growth cone [Ca2+]i (15%–20%, likely due to Ca
2+ entry through
VDCCs; Nishiyama et al., 2008; see also Figures 6A and 6B).
Therefore, a lack of xCNGC function likely results in a further
increase of growth cone [Ca2+]i, because it converts repulsion
to attraction.
We used computational analyses to determine the conditions
in which Ca2+ entry occurs almost exclusively through xCNGCs,
not through VDCCs, to determine whether Ca2+ entry through
CNGCs indeed causes an increase of growth cone [Ca2+]i of
5% (a minimal increase to be reliably monitored) and isNeuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 701
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cGMP-CNG Channel Mediates Sema3A-Induced RepulsionFigure 7. Sema3A-Induced Growth Cone [Ca2+]i Elevation via xCNGCs
(A–C) Oregon green BAPTA-dextran growth cone fluorescence in growth cones exposed to Sema3A gradients (arrows). Fluorescence intensity expressed as
pseudocolors (top; blue = low, red = high). Insets: 3-fold magnified images.
(D) Sample (top) and summary (bottom) of percentage changes in Oregon green BAPTA-dextran fluorescence (DF/F). Sema3A gradients: horizontal bars.
(E) Cumulative distribution of DF/F (%) at 5–10 min after exposure to Sema3A.
Error bars represent SEM. Significant differences from the control are indicated (**p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.required for Sema3A-induced repulsion. We extended our initial
computational analyses (to simulate a voltage-ramp protocol,
Figure 1B) by incorporating mathematical terms that represent
the biophysical properties (i.e., each ion permeability and block-
ing by Mg2+ and Ca2+) of rod-type CNGCs (Supplemental Exper-
imental Procedures and Figures S6A and S6B) to assess Ca2+
entry and the [Ca2+]i increase caused by a repulsive Sema3A sig-
nal. To determine the conditions that effectively segregate Ca2+
entry through CNGCs from entry through VDCCs, we systemat-
ically calculated Ca2+ currents through both CNGCs and VDCCs
for a given membrane potential (from 100 to 15 mV) and
[Ca2+]o (from 1 mM to 3 mM, Figure 6A). In parallel, we calculated
the increases in [Ca2+]i that result from Ca
2+ entry through these
channels (Figure 6B). Our computational analyses predicted that
when [Ca2+]o is near 10 mM (white line indicated by a yellow arrow
in Figure 6A, left), Sema3A-induced Ca2+ entry through CNGCs
is expected to be greater than that through VDCCs by more
than 85-fold (Figure 6A, right; Supplemental Experimental Proce-
dures). This results in an 5.0% increase of growth cone [Ca2+]i
above the basal level (experimental data [see Figure 7] superim-
posed as a red dot in Figure 6B). The predicted [Ca2+]i increase in
normal, 1.6 mM, [Ca2+]o was 8.5% (experimental data [see
Figure S7] superimposed as a yellow dot in Figure 6B), not signif-
icantly different from the predicted 5.0% increase in low, 10 mM,702 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.[Ca2+]o. These predictions suggest that the amount of Ca
2+ entry
through CNGCs is not directly correlated with the [Ca2+]o. As
shown in Figure 6C (top), at 10 mM [Ca2+]o, Sema3A induced
growth cone repulsion (22 ± 7). This repulsion was eliminated
by treatment with L-cis diltiazem (2 ± 2) (Figure 6C, top), not
converted to attraction, as observed at normal [Ca2+]o (Figures
4A–4C, top), and there were no significant changes in neurite
outgrowth (Figure 6C, bottom). The failure of conversion of the
repulsion to attraction at low [Ca2+]o implies that in the absence
of xCNGC activity Sema3A may trigger Ca2+ entry through Ca2+-
conducting channels, such as VDCCs at normal [Ca2+]o. Our
data therefore support the idea that CNGCs can be active at
low [Ca2+]o (at least at 10 mM) and that Ca
2+ entry through
xCNGCs is likely responsible for mediating Sema3A-induced
growth cone repulsion. To confirm this idea, we performed
growth cone Ca2+ imaging studies to monitor Ca2+ entry in the
presence of a gradient of Sema3A. A fluorescent Ca2+-sensitive
dye, Oregon green 488 BAPTA-1-dextran, together with Texas
red-dextran (both 200 mM), was microinjected into the soma of
each neuron 1 hr prior to imaging. A significant increase in
[Ca2+]i was detected within minutes of exposure to Sema3A at
the side of the growth cone facing the Sema3A gradient
(Figure 7A, insets). This transient Ca2+ gradient quickly dissemi-
nated throughout the growth cone (Figure 7A, insets), resulting in
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cGMP-CNG Channel Mediates Sema3A-Induced Repulsiona global [Ca2+]i increase (5.1% ± 1.4%) that was sustained for at
least 15 min (Figures 7A, 7D, and 7E). The experimentally ob-
served, 5% increases in [Ca2+]i corroborates the accuracy of
our computationalpredictions. This [Ca2+]i increase was triggered
by Sema3A, because it was blocked by SNP-1 (1.3% ± 0.7%;
Figures 7B, 7D, and 7E), and, importantly, was inhibited by
L-cis-diltiazem (1.6% ± 1.3%, Figures 7C–7E). Taken together,
these results demonstrate that Ca2+ entry through xCNGCs is
required for growth cone repulsion induced by Sema3A.
DISCUSSION
Signaling by different attractant and repellent diffusible guidance
molecules has been shown to cause different levels of increase
of growth cone [Ca2+]i, either globally or locally, which differen-
tially determine the direction of growth cone extension (Gomez
and Zheng, 2006; Henley and Poo, 2004). Different classes of
Ca2+-conducting channels with different channel properties
(Hille, 2001) (i.e., Ca2+ conductivity) and different spatiotemporal
expression patterns (Jimenez-Gonzalez et al., 2003), likely func-
tion as mediators of the early steps in neural guidance signaling
pathways triggered by different guidance molecules during ner-
vous system development. We found that activation of CNGCs is
required for repulsive Sema3A growth cone guidance signaling.
We also found that a rod-type-like, cGMP-gated xCNGA1 sub-
unit is expressed simultaneously with the Sema3A receptor
Npn-1 in growth cones of developing Xenopus spinal interneu-
rons. Sema3A triggers an increase of cGMP that most likely
activates xCNGCs that are probably composed of CNGA1 and
CNGB1 subunits. Finally, we found that these rod-type-like
cGMP-gated xCNGCs conduct the Ca2+ that is essential for
Sema3A-induced growth cone repulsion. Thus, in addition to
functioning in the transduction of sensory stimuli, CNGCs also
function as mediators of neural guidance signals.
Cyclic GMP-Gated xCNGA1 in Xenopus Spinal Neurons
Photoreceptor cell rod-type CNGCs, composed of 3 CNGA1: 1
CNGB1a, are activated by cGMP binding (Kaupp and Seifert,
2002; Matulef and Zagotta, 2003). We found that cultured Xeno-
pus spinal neurons derived from stage 26 embryos and cultured
for 16–20 hr express a rod-type-like, cGMP-gated xCNGA1 sub-
unit, as suggested by mAb PMc 1F6 (which recognizes bCNGA1)
IR against xCNGA1. The mAb PMc 1F6 may recognize both
CNGA1 and CNGA3 (Bo¨nigk et al., 1993), but we found that
A-xCNGA1 treatment (morpholinoknockdown, Figure3D) caused
a significant reductionof L-cis-diltiazem-sensitive CNG currents in
response to Sema3A, clearly indicating the function,and therefore
the presence, of xCNGA1 in Xenopus spinal neurons. Inhibition of
either Sema3A- or 8-Br-cGMP-increased CNG currents, caused
by overexpression of the mutant xCNGA1D46, suggests that
xCNGCs are activated by cGMP. Moreover, the observation
that the overexpression of xCNGA1D46 caused this inhibition
much more effectively than did pretreatment withA-xCNGA1 sug-
gests that xCNGCs may be allosterically activated by Sema3A-
induced cGMP, similarly as found for heterologously expressed,
mutant CNGA1 subunits (Liu et al., 1998).
The expression of xCNGA1 in embryonic stage Xenopus 26
neurons cultured for 16–20 hr likely coincides with its in vivotemporal expression which occurs in late developmental stages
(after embryonic stage 30, not earlier; data not shown). The
xCNGA1 is highly homologous to the rod-type CNGA1 subunits
found in many different species (Figure S2), where it is widely ex-
pressed in the brain, particularly in the principle neurons of the
cortex, hippocampus, and cerebellum (Cheng et al., 2002). Our
study reveals that it is also expressed in growth cones of spinal
interneurons, which were identified by their expression of the
specific interneuron markers, 3A10 (Shim et al., 2005; Yamada
et al., 1991) and glycine (83% ± 1.5%; Roberts et al., 1988). It
has been demonstrated that secreted semaphorins, such as
Sema3B and Sema3F, but not Sema3A, act as repellents of
post-midline-crossing spinal commissural interneurons (CINs)
in rodents (Zou et al., 2000). These neurons do not express the
Sema3A receptor, Npn-1 (Chen et al., 1997). However, as shown
in Figure 3, Xenopus CINs do express Npn-1. Moreover, Xeno-
pus spinal neurons cultured from stage 28 embryos display
characteristics of post-midline-crossing CINs (Stein and Tess-
ier-Lavigne, 2001). The prominent expression of Sema3A in the
Xenopus embryonic stage 32 spinal cord in vivo (Figure S8), at
which time the CINs are expected to have crossed the midline
(Roberts et al., 1988), suggests that Xenopus spinal cord post-
midline-crossing CINs may respond to Sema3A signaling.
Ca2+ Entry through CNGCs Is Required for Growth
Cone Repulsion
Different levels of global and local increase in growth cone [Ca2+]i
cause either attractive or repulsive turning in response to exter-
nal guidance molecules. A sustained growth cone [Ca2+]i in-
crease of 5%–20% is sufficient to convert repulsion (Henley
et al., 2004; Hong et al., 2000) to attraction (Hong et al., 2000;
Wang and Poo, 2005). Consistent with this observation, we
found that a 5% [Ca2+]i increase, resulting from cGMP-gated
xCNGC Ca2+ conductivity, is sufficient for Sema3A-induced re-
pulsion. Whether Ca2+ entry is essential for Sema3A signaling
has been controversial (Behar et al., 1999; Song et al., 1998). Be-
har et al. (1999) showed that reducing [Ca2+]o to about 50 nM in
culture, which is apparently close to the intracellular resting con-
centration and, therefore, eliminates considerable Ca2+ entry,
prevented both the collapsing and repulsive effects of Sema3A
on mouse dorsal root ganglion (DRG) neurons. In contrast,
Song et al. (1998) showed that reducing the [Ca2+]o in the culture
medium to micromolar levels had no noticeable effect on
Sema3A-induced Xenopus spinal neuron growth cone repulsion.
Our observation that Sema3A-induced repulsion requires the
activation of xCNGCs, which conduct appreciable Ca2+, even
in low [Ca2+]o (10 mM, Figure 6C), may resolve this controversy.
Of all the CNGC types, rod-type CNGCs conduct a modest
amount of Ca2+ (conductance ratio: 1:0.039:3490 for rod,
cone, and olfactory, respectively, at 2.3–10 mM cGMP in growth
cones, see Figures 5C–5E; Frings et al., 1995; Kaupp and Seifert,
2002; Rebrik et al., 2000; Zimmerman and Baylor, 1986). A single
Xenopus growth cone (average 358 ± 42 mm2) contains
18,500 CNGCs, as estimated from the amplitudes of maximal
CNG currents (Figure 2D; 134 pA at +100 mV recalculated
from the rod-type CNGCs, as reported previously, Haynes
et al., 1986; Zimmerman and Baylor, 1986). Therefore, rod-
type CNGC Ca2+ conductance is the most suitable Ca2+Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 703
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(5%) required to mediate growth cone repulsion in Xenopus
spinal neurons.
Cyclic GMP-Mediated Growth Cone Repulsion
Previous studies, including our own, have shown that cyclic
nucleotide signaling pathways modulate growth cone turning
induced by guidance molecules (Ming et al., 1997; Nishiyama
et al., 2003; Song et al., 1997, 1998). For example, PKG-depen-
dent growth cone repulsion was demonstrated in netrin-1 signal-
ing in which suppression of L-type VDCC activity by PKG caused
the conversion of the attractive turning of Xenopus stage 22 em-
bryonic spinal neuron growth cones to repulsive turning (Nish-
iyama et al., 2003). It has been proposed that cGMP, per se, is
required for growth cone collapse or repulsive signaling induced
by ephrins (Mann et al., 2003). The present study demonstrates
that the Sema3A-induced repulsion of Xenopus spinal neuron
growth cones requires cGMP, not PKG. Our observations that
the growth cone repulsion induced by a gradient of 8-Br-
cGMP occurred only in the absence of PKG activity and was
abolished by inactivation of CNGCs demonstrate the existence
of a cGMP-activated, CNGC-induced repulsion mechanism
that is independent of PKG. Furthermore, the observation that
blocking cGMP-gated CNGCs converted the Sema3A-induced
repulsion to attraction (Figure 4) suggests that events down-
stream of the cGMP activation of CNGCs may mask the
Sema3A-induced, PKG-dependent attractive signaling (Polleux
et al., 2000; Song et al., 1998). This idea is supported by the
finding that blocking PKG activity abolished the growth cone
attraction resulting from the inactivation of CNGCs in response
to Sema3A. Thus, the differential functioning of different, devel-
opmental-stage-specific, cyclic nucleotide signaling pathways
(Shewan et al., 2002) may depend, at least in part, on the
mechanisms by which the different Ca2+-conducting channels
required for the transduction of their guidance signals are
regulated.
The increase in cGMP IR in growth cones exposed to Sema3A
and the lack of increase in cGMP IR in NP-1 (0111) mutant recep-
tor-overexpressing growth cones exposed to Sema3A suggest
that cGMP is produced in response to the repulsive Sema3A
Figure 8. A Model for cGMP-Gated CNGCs
Mediating Sema3A-Induced Growth Cone
Repulsion
Upon Sema3A binding to Npn-1, soluble guanylyl
cyclase (sGC) is activated, leading to cGMP pro-
duction. Cyclic GMP in turn activates xCNGA1
and presumably xCNGB1 containing channels to
conduct Ca2+ that is both necessary and sufficient
for Sema3A-induced growth cone repulsion. If
xCNGCs are blocked, the repulsion is converted
to attraction, which requires PKG activity. Arrows,
activation; disrupted bars, inhibition.
signal. However, the molecular mecha-
nism that regulates cGMP production
during Sema3A signaling remains un-
known. It was previously suggested that
sGC is required for Sema3A-induced attraction of cortical neuron
dendrites (Polleux et al., 2000). We found that Sema3A-induced
cGMP production is sensitive to the inhibition of sGCs (Figure S4;
Nishiyama et al., 2008). Soluble GCs are activated by free radical
donors such as nitric oxide (Lucas et al., 2000) and hydrogen per-
oxide (H2O2, Wolin et al., 2005). The canonical pathway of cGMP
production by sGCs is regulated by nitric oxide, the synthesis of
which normally requires Ca2+ entry (Wolin et al., 2005). This ap-
pears to contradict our observation of xCNGCs activation by
Sema3A in the absence of Ca2+ entry (Figure 1F). However, MI-
CAL (molecules interacting with CasL, flavoprotein oxidoreduc-
tases [monooxygenase]), which is known to mediate Sema-1a-
induced repulsion (Terman et al., 2002), produces H2O2 in the ab-
sence of Ca2+ (Nadella et al., 2005). MICAL expression has been
observed in developing vertebrate spinal cords (Pasterkamp
et al., 2006), but whether it is regulated by Sema3A signaling re-
mains to be determined. Indeed, radical scavengers eliminate
Sema3A-induced repulsion in mouse DRG neurons (Terman
et al., 2002). Our observation that a repulsive Sema3A signal
can activate CNGCs in the absence of [Ca2+]o leads us to specu-
late that the production of H2O2, which is also predicted to be in-
volved in O2 sensing in the vascular system (Wolin et al., 2005),
may activate sGC during Sema3A-induced repulsion. Consistent
with this speculation, O2 sensing and social feeding behavior inC.
elegans, where nitric oxide synthase has yet to be identified, are
mediated by the sGC homolog gcy-35 and the CNGA homolog
tax-4 (Gray et al., 2004).
A Model for cGMP-Gated CNGCs Mediating
the Sema3A Signal
Based on our observations and previous reports, we propose the
following model of the early signaling events induced by a repel-
lent Sema3A gradient at the growth cone (Figure 8): activation of
a Sema3A receptor complex upon binding of its ligand, Sema3A
(He et al., 2002; Huber et al., 2003), triggers cGMP production by
sGC (see Figure S4), regulated by a mechanism that is likely in-
dependent of Ca2+ entry (Figure 1F). Subsequent binding of
cGMP to the CNB of xCNGA1 subunits (and presumably to the
CNB of xCNGB1 as well) gates xCNGCs, resulting in entry of
the Ca2+ responsible for Sema3A-induced growth cone704 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.
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Sema3A-induced repulsion to PKG-dependent attraction
(Figure 4D), suggesting that CNGC activity is crucial for the main-
tenance of the Sema3A repulsive signal. Sema3A triggers
growth cone [cGMP]i increases above the micromolar range
(equivalent to 3.2 mM and 6–10 mM of 8-Br-cGMP detected by
IR for global and local maximum concentrations, respectively;
see Figure 5 and Figure S4), which should be sufficient to acti-
vate PKG (measured in vitro, Ka = 110 nM; Corbin et al., 1986).
How a repulsive Sema3A signal predominantly affects the
cGMP-CNGC pathway, rather than the PKG-dependent signal-
ing pathway, which would otherwise result in attraction, remains
to be determined. Different levels of CNGC expression, of cGMP
production, or of cGMP compartmentalization (e.g., in lipid rafts,
Brady et al., 2004) may all result in different growth cone turning
behaviors in response to Sema3A.
EXPERIMENTAL PROCEDURES
In Vitro Transcription, Microinjection, and Primary
Neuronal Cultures
In vitro transcribed UNC5B, xCNGA1D46, NP-1 (0111), and green fluorescent
protein (GFP, coinjected expression indicator) capped mRNAs were synthe-
sized and injected into two blastomeres of embryos at the four-cell stage as
described (Hong et al., 1999). Primary cultures of spinal neurons were pre-
pared from stage 22 embryos for netrin-1 assays and from stages 26 embryos
for Sema3A assays, as described (Nishiyama et al., 2003). Cultures (22C–
24C) of ages between 14–18 hr for netrin-1 and 16–20 hr for Sema3A assays
were used.
Guidance Proteins and Chemicals
Netrin-1 (5 mg ml–1; Hong et al., 1999) and Sema3A (12 pM; Goshima et al.,
1997) were prepared as described. The biological activity of Sema3A was eval-
uated by the collapsing assay in chick DRG neurons (Goshima et al., 1997).
Chemicals (L-cis diltiazem, Rp-8-pCPT-cGMPS, 8-Br-cGMP, KT5823) were
purchased from BioMol, Calbiochem, Molecular Probes, and Sigma. All phar-
macological agents were applied in the bath 30 min before experiments were
performed, unless otherwise indicated.
Morpholino Oligonucleotides
An antisense morpholino oligonucleotide (A-MO) was designed to target a 25
nucleotide sequence beginning at the xCNGA1 start codon (50-GGT GAG TAT
TAA CTA TTC CAG CCA T-30), as recommended by GeneTools. A control
S-MO was the sense sequence of the same mRNA region (50-ATG GCT
GGA ATA GTT AAT ACT CAC C-30 ). Morpholinos (1 mM) were applied during
the cell plating (Partridge et al., 1996).
Electrophysiology
Whole-cell voltage-clamp recordings of growth cones were made as previ-
ously described (Nishiyama et al., 2003). Whole-cell leak currents evoked by
an inverse voltage-ramp from +120 to 120 mV at 0.067 Hz were recorded
with the patch-clamp amplifier (Axopatch 200B Axon Inst.) for 2–3 min. An
internal solution of (each in mM) 115 CsCl, 10 HEPES, 10 TEA-Cl, 10 EGTA,
and 4 Mg-ATP (pH 7.4) and a bath solution of (each in mM) 87.4 NaCl, 6.1
Na-gluconate, 2.6 KCl, 35 TEA-Cl, 1 CaCl2, 1 MgCl2, 10 HEPES, 1 3 10
5
STX, 23 102 nimodipine (pH 7.4) were used. For [Ca2+]o free solution (<1 nM),
CaCl2 was replaced with EGTA (0.5 mM). Data were filtered at 2 kHz and col-
lected at 10 kHz.
Immunocytochemistry
Xenopus spinal neurons [normal, overexpressing either NP-1(0111), N-myc or
xCNGA1D46 N-myc] were fixed with 4% paraformaldehyde for 30 min, per-
meabilized with 0.5% Triton X-100 for 10 min, and treated with blocking solu-
tions [1.5% horse serum for xCNGA1, NP-1(0111), and xCNGA1D46; 3% BSAfor 3A10 and cGMP] for 1 hr. Primary antibodies: anti-bCNGA1 (PMc 1F6,
1:100, Bo¨nigk et al., 1993), anti-Npn-1 (C-19, 1:100, Santa Cruz Biotechnol-
ogy), anti-3A10 (1:100, Developmental Studies Hybridoma Bank at University
of Iowa), anti-N-myc (9E10, 1:50, Chemicon), anti-cGMP (AB303, 1:500,
Chemicon), and anti-cAMP (AB306, 1:500, Chemicon). Secondary antibodies:
Alexa Fluor 546 anti-mouse IgG (1:1,000, Invitrogen) for PMc 1F6, Cy2-conju-
gated anti-goat IgG (1:500, Jackson ImmunoResearch) for C-19 and for cGMP
(Figures 5C-5E), and Cy3-conjugated anti-mouse IgG and Cy3-conjugated
anti-rabbit (1:500, Jackson ImmunoResearch) for 3A10 and cGMP, respec-
tively. For NP-1(0111)-myc and xCNGA1D46-myc, biotinylated anti-mouse
IgG (1:1000, Vector Laboratories, Inc.) was applied followed by Rhodamine
Avidin D (1:500, Vector Laboratories, Inc.). For double staining, C-19 staining
was followed by either PMc 1F6 or 3A10. Images were captured with a confocal
microscope (LSM510META, Zeiss), except for Figures 5C–5E (CSU-22, see
Calcium Imaging), and fluorescent intensities were analyzed with the ImageJ
program.
Growth Cone Turning Assay
Microscopic gradients of diffusible guidance proteins and chemicals were
generated as previously described (Nishiyama et al., 2003). Images of growth
cones were recorded with a charge-coupled device camera (CCD, Hitachi KP-
M2U) attached to a phase contrast microscope (Olympus CKX-41) and ana-
lyzed using NIH Image 1.62. Assays were performed in culture medium (in
mM): 137 NaCl, 2.6 KCl, 2 EDTA (0.5 EGTA for free Ca2+), 0.9 CaCl2 (0 for
free Ca2+), 2 MgCl2 (1 for free Ca
2+), 10 HEPES (pH 7.4) (Nishiyama et al.,
2003) or in 10 mM Ca2+ or Ca2+ free Ringer solution, which was used to replace
the culture media 30 min before the assays were performed.
Calcium Imaging
The calcium indicator Oregon green 488 BAPTA-1 and Texas red conjugated
to dextran (M.W. 70,000, 200 mM, Molecular Probes) were injected into the
soma as described (Hong et al., 2000). Imaging was performed by a Yokogawa
confocal system (CSU-22, Perkin Elmer) equipped with an Ar/Kr gas laser. Ex-
citation at 488 and 568 nm was controlled by an acousto-optical tuneable filter
(AOTF), and Oregon green BAPTA and Texas red emission signals were col-
lected at 520–540 nm and 614–642 nm, respectively, by an EM-CCD camera
(Hamamatsu) through a 1003 objective (UPlanSApo, N.A. 1.4, Olympus). Fluo-
rescence images were collected sequentially in pairs every 5 s and were ana-
lyzed with UltraView and ImageJ software. Oregon green signals were normal-
ized to Texas red fluorescence to control for experimental fluctuations (growth
cone thickness or focal plane changes).
Computational Analyses
See Supplemental Experimental Procedures.
SUPPLEMENTAL DATA
The Supplemental Data for this article, including Supplemental Experimental
Procedures and five figures, can be found online at http://www.neuron.org/
cgi/content/full/58/5/694/DC1/.
ACKNOWLEDGMENTS
We thank W.R. Jelinek, N.J. Cowan, D. Zacharias, J.R. Henley, G.S. Suh,
M.V.P. Chao, and A.L. Kolodkin for their critical comments on the manuscript;
Y. Uchida for preparation of SNP-1 and Sema3A protein; S.M. Strittmatter for
the NP-1 (0111); confocal microscope was provide by a Shared Instrumenta-
tion Grant from NIH; this work was supported by grants from CIHR (RSM);
CREST from the JST and Grants-in-Aid for Scientific Research in Priority
Area from the MEXT (Y.G.); NIH NINDS, NYS-Spinal Cord Injury Research Pro-
gram and PEW Fellowship (K.H.).
Received: October 9, 2007
Revised: February 6, 2008
Accepted: March 17, 2008
Published: June 11, 2008Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 705
Neuron
cGMP-CNG Channel Mediates Sema3A-Induced RepulsionREFERENCES
Ayoob, J.C., Yu, H., Terman, J.R., and Kolodkin, A.L. (2004). The Drosophila
receptor guanylyl cyclase Gyc76C is required for Semaphorin-1a-Plexin
A-mediated axonal repulsion. J. Neurosci. 24, 6639–6649.
Behar, O., Mizuno, K., Badminton, M., and Woolf, C.J. (1999). Semaphorin 3A
growth cone collapse requires a sequence homologous to tarantula hanatoxin.
Proc. Natl. Acad. Sci. USA 96, 13501–13505.
Ben-Zvi, A., Ben-Gigi, L., Yagil, Z., Lerman, O., and Behar, O. (2008). Sema-
phorin3A regulates axon growth independently of growth cone repulsion via
modulation of TrkA signaling. Cell. Signal. 20, 467–479.
Bo¨nigk, W., Altenhofen, W., Mu¨ller, F., Dose, A., Illing, M., Molday, R.S., and
Kaupp, U.B. (1993). Rod and cone photoreceptor cells express distinct genes
for cGMP-gated channels. Neuron 10, 865–877.
Brady, J.D., Rich, T.C., Le, X., Stafford, K., Fowler, C.J., Lynch, L., Karpen,
J.W., Brown, R.L., and Martens, J.R. (2004). Functional role of lipid raft micro-
domains in cyclic nucleotide-gated channel activation. Mol. Pharmacol. 65,
503–511.
Brown, R.L., Strassmaier, T., Brady, J.D., and Karpen, J.W. (2006). The phar-
macology of cyclic nucleotide-gated channels: emerging from the darkness.
Curr. Pharm. Des. 12, 3597–3613.
Campbell, D.S., and Holt, C.E. (2001). Chemotropic responses of retinal
growth cones mediated by rapid local protein synthesis and degradation. Neu-
ron 32, 1013–1026.
Campbell, D.S., Regan, A.G., Lopez, J.S., Tannahill, D., Harris, W.A., and Holt,
C.E. (2001). Semaphorin 3A elicits stage-dependent collapse, turning, and
branching in Xenopus retinal growth cones. J. Neurosci. 21, 8538–8549.
Chen, H., Che´dotal, A., He, Z., Goodman, C.S., and Tessier-Lavigne, M.
(1997). Neuropilin-2, a novel member of the neuropilin family, is a high affinity
receptor for the semaphorins Sema E and Sema IV but not Sema III. Neuron 19,
547–559.
Cheng, C.-H., Yew, D.T-w., Kwan, H.-Y., Zhou, Q., Huang, Y., Liu, Y., Chan,
W.-Y., and Yao, X. (2002). An endogenous RNA transcript antisense to
CNGa1 cation channel mRNA. Mol. Biol. Cell 13, 3696–3705.
Coburn, C.M., and Bargmann, C.I. (1996). A putative cyclic nucleotide-gated
channel is required for sensory development and function in C. elegans. Neu-
ron 17, 695–706.
Corbin, J.D., Ogreid, D., Miller, J.P., Suva, R.H., Jastorff, B., and Døskeland,
S.O. (1986). Studies of cGMP analog specificity and function of the two intra-
subunit binding sites of cGMP-dependent protein kinase. J. Biol. Chem. 261,
1208–1214.
Frietsch, S., Wang, Y.F., Sladek, C., Poulsen, L.R., Romanowsky, S.M.,
Schroeder, J.I., and Harper, J.F. (2007). A cyclic nucleotide-gated channel is
essential for polarized tip growth of pollen. Proc. Natl. Acad. Sci. USA 104,
14531–14536.
Frings, S., Seifert, R., Godde, M., and Kaupp, U.B. (1995). Profoundly different
calcium permeation and blockage determine the specific function of distinct
cyclic nucleotide-gated channels. Neuron 15, 169–179.
Gomez, T.M., and Zheng, J.Q. (2006). The molecular basis for calcium-depen-
dent axon pathfinding. Nat. Rev. Neurosci. 7, 115–125.
Gordon, S.E., Downing-Park, J., and Zimmerman, A.L. (1995). Modulation of
the cGMP-gated ion channel in frog rods by calmodulin and an endogenous
inhibitory factor. J. Physiol. 486, 533–546.
Goshima, Y., Kawakami, T., Hori, H., Sugiyama, Y., Takasawa, S., Hashimoto,
Y., Kagoshima-Maezono, M., Takenaka, T., Misu, Y., and Strittmatter, S.M.
(1997). A novel action of collapsing: collapsing-1 increases antero- and retro-
grade axoplasmic transport independently of growth cone collapse. J. Neuro-
biol. 33, 316–328.
Gray, J.M., Karow, D.S., Lu, H., Chang, A.J., Chang, J.S., Ellis, R.E., Marletta,
M.A., and Bargmann, C.I. (2004). Oxygen sensation and social feeding medi-
ated by a C. elegans guanylate cyclase homologue. Nature 430, 317–322.706 Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc.Hackos, D.H., and Korenbrot, J.I. (1999). Divalent cation selectivity is a function
of gating in native and recombinant cyclic nucleotide-gated ion channels from
retinal photoreceptors. J. Gen. Physiol. 113, 799–817.
Haynes, L.W., Kay, A.R., and Yau, K.W. (1986). Single cyclic GMP-activated
channel activity in excised patches of rod outer segment membrane. Nature
321, 66–70.
He, Z., Wang, K.C., Koprivica, V., Ming, G.-L., and Song, H.-J. (2002). Knowing
how to navigate: mechanisms of semaphorin signaling in the nervous system.
Sci. STKE 119, RE1.
Henley, J., and Poo, M.M. (2004). Guiding neuronal growth cones using Ca2+
signals. Trends Cell Biol. 14, 320–330.
Henley, J.R., Huang, K.H., Wang, D., and Poo, M.M. (2004). Calcium mediates
bidirectional growth cone turning induced by myelin-associated glycoprotein.
Neuron 44, 909–916.
Hille, B. (2001). Ion Channels of Excitable Membranes (Sunderland, MA: Sina-
uer Associates, Inc).
Hong, K., Hinck, L., Nishiyama, M., Poo, M-m., Tessier-Lavigne, M., and Stein,
E. (1999). A ligand-gated association between cytoplasmic domains of UNC5
and DCC family receptors converts netrin-induced growth cone attraction to
repulsion. Cell 97, 927–941.
Hong, K., Nishiyama, M., Henley, J., Tessier-Lavigne, M., and Poo, M-m.
(2000). Calcium signalling in the guidance of nerve growth by netrin-1. Nature
403, 93–98.
Huber, A.B., Kolodkin, A.L., Ginty, D.D., and Cloutier, J.F. (2003). Signaling at
the growth cone: ligand-receptor complexes and the control of axon growth
and guidance. Annu. Rev. Neurosci. 26, 509–563.
Jimenez-Gonzalez, C., McLaren, G.J., and Dale, N. (2003). Development of
Ca2+-channel and BK-channel expression in embryos and larvae of Xenopus
laevis. Eur. J. Neurosci. 18, 2175–2187.
Kaupp, U.B., and Seifert, R. (2002). Cyclic nucleotide-gated ion channels.
Physiol. Rev. 82, 769–824.
Komatsu, H., Mori, I., Rhee, J.S., Akaike, N., and Ohshima, Y. (1996). Muta-
tions in a cyclic nucleotide-gated channel lead to abnormal thermosensation
and chemosensation in C. elegans. Neuron 17, 707–718.
Kramer, R.H., and Tibbs, G.R. (1996). Antagonists of cyclic nucleotide-gated
channels and molecular mapping of their site of action. J. Neurosci. 16,
1285–1293.
Liu, D.T., Tibbs, G.R., Paoletti, P., and Siegelbaum, S.A. (1998). Constraining
ligand-binding site stoichiometry suggests that a cyclic nucleotide-gated
channel is composed of two functional dimers. Neuron 21, 235–248.
Lucas, K.A., Pitari, G.M., Kazerounian, S., Ruiz-Stewart, I., Park, J., Schulz, S.,
Chepenik, K.P., and Waldman, S.A. (2000). Guanylyl cyclases and signaling by
cyclic GMP. Pharmacol. Rev. 52, 375–414.
Mann, F., Miranda, E., Weinl, C., Harmer, E., and Holt, C.E. (2003). B-type Eph
receptors and ephrins induce growth cone collapse through distinct intracellu-
lar pathways. J. Neurobiol. 57, 323–336.
Matulef, K., and Zagotta, W.N. (2003). Cyclic nucleotide-gated ion channels.
Annu. Rev. Cell Dev. Biol. 19, 23–44.
Ming, G.L., Song, H.J., Berninger, B., Holt, C.E., Tessier-Lavigne, M., and Poo,
M.M. (1997). cAMP-dependent growth cone guidance by netrin-1. Neuron 19,
1225–1235.
Nadella, M., Bianchet, M.A., Gabelli, S.B., Barrila, J., and Amzel, L.M. (2005).
Structure and activity of the axon guidance protein MICAL. Proc. Natl. Acad.
Sci. USA 102, 16830–16835.
Nakamura, F., Tanaka, M., Takahashi, T., Falb, R.G., and Strittmatter, S.M.
(1998). Neuropilin-1 extracellular domains mediate semaphoring D/III-induced
growth cone collapse. Neuron 21, 1093–1100.
Nishiyama, M., Hoshino, A., Tsai, L., Henley, J.R., Goshima, Y., Tessier-Lav-
igne, M., Poo, M.M., and Hong, K. (2003). Cyclic AMP/GMP-dependent mod-
ulation of Ca2+ channels sets the polarity of nerve growth cone turning. Nature
423, 990–995.
Neuron
cGMP-CNG Channel Mediates Sema3A-Induced RepulsionNishiyama, M., von Schimmelmann, M.J., Togashi, K., Findley, W.M., and
Hong, K. (2008). Membrane potential shifts caused by diffusible guidance sig-
nals direct growth-cone turning. Nat. Neurosci. 11, in press.
Partridge, M., Vincent, A., Matthews, P., Puma, J., Stein, D., and Summerton,
J. (1996). A simple method for delivering morpholino antisense oligos into the
cytoplasm of cells. Antisense Nucleic Acid Drug Dev. 6, 169–175.
Pasterkamp, R.J., Dai, H.N., Terman, J.R., Wahlin, K.J., Kim, B., Bregman,
B.S., Popovich, P.G., and Kolodkin, A.L. (2006). MICAL flavoprotein monoox-
ygenases: expression during neural development and following spinal cord in-
juries in the rat. Mol. Cell. Neurosci. 31, 52–69.
Polleux, F., Morrow, T., and Ghosh, A. (2000). Semaphorin 3A is a chemoat-
tractant for cortical apical dendrites. Nature 404, 567–573.
Rebrik, T.I., Kotelnikova, E.A., and Korenbrot, J.I. (2000). Time course and
Ca2+ dependence of sensitivity modulation in cyclic GMP-gated currents of
intact cone photoreceptors. J. Gen. Physiol. 116, 521–534.
Roberts, A., Dale, N., Ottersen, O.P., and Storm-Mathisen, J. (1988). Develop-
ment and characterization of commissural interneurones in the spinal cord of
Xenopus laevis embryos revealed by antibodies to glycine. Development 103,
447–461.
Shewan, D., Dwivedy, A., Anderson, R., and Holt, C.E. (2002). Age-related
changes underlie switch in netrin-1 responsiveness as growth cones advance
along visual pathway. Nat. Neurosci. 5, 955–962.
Shim, S., Goh, E.L., Ge, S., Sailor, K., Yuan, J.P., Roderick, H.L., Bootman,
M.D., Worley, P.F., Song, H.J., and Ming, G.L. (2005). XTRPC1-dependent
chemotropic guidance of neuronal growth cones. Nat. Neurosci. 8, 730–735.
Song, H.J., Ming, G.L., and Poo, M.M. (1997). cAMP-induced switching in
turning direction of nerve growth cones. Nature 388, 275–279.
Song, H-j, Ming, G., He, Z., Lehmann, M., McKerracher, L., Tessier-Lavigne,
M., and Poo, M. (1998). Conversion of neuronal growth cone responses from
repulsion to attraction by cyclic nucleotides. Science 281, 1515–1518.
Stein, E., and Tessier-Lavigne, M. (2001). Hierarchical organization of guid-
ance receptors: silencing of netrin attraction by slit through a Robo/DCC
receptor complex. Science 291, 1928–1938.Stern, J.H., Kaupp, U.B., and MacLeish, P.R. (1986). Control of the light-regu-
lated current in rod photoreceptors by cyclic GMP, calcium, and l-cis-diltia-
zem. Proc. Natl. Acad. Sci. USA 83, 1163–1167.
Terman, J.R., Mao, T., Pasterkamp, R.J., Yu, H.H., and Kolodkin, A.L. (2002).
MICALs, a family of conserved flavoprotein oxidoreductases, function in
plexin-mediated axonal repulsion. Cell 109, 887–900.
Tessier-Lavigne, M., and Goodman, C.S. (1996). The molecular biology of
axon guidance. Science 274, 1123–1133.
Togashi, H., Schmidt, E.F., and Strittmatter, S.M. (2006). RanBPM contributes
to Semaphorin3A signaling through Plexin-A receptors. J. Neurosci. 26, 4961–
4969.
Wang, Q., and Zheng, J.Q. (1998). cAMP-mediated regulation of neurotrophin-
induced collapse of nerve growth cones. J. Neurosci. 18, 4973–4984.
Wang, G.X., and Poo, M.M. (2005). Requirement of TRPC channels in netrin-1-
induced chemotropic turning of nerve growth cones. Nature 434, 898–904.
Wolin, M.S., Ahmad, M., and Gupte, S.A. (2005). Oxidant and redox signaling
in vascular oxygen sensing mechanisms: basic concepts, current controver-
sies, and potential importance of cytosolic NADPH. Am. J. Physiol. Lung
Cell. Mol. Physiol. 289, L159–L173.
Yamada, T., Placzek, M., Tanaka, H., Dodd, J., and Jessell, T.M. (1991). Con-
trol of cell pattern in the developing nervous system: Polarizing activity of the
floor plate and notochord. Cell 64, 635–647.
Yu, T.W., and Bargmann, C.I. (2001). Dynamic regulation of axon guidance.
Nat. Neurosci. 4, 1169–1176.
Zheng, C., Feinstein, P., Bozza, T., Rodriguez, I., and Mombaerts, P. (2000).
Peripheral olfactory projections are differentially affected in mice deficient in
a cyclic nucleotide-gated channel subunit. Neuron 26, 81–91.
Zimmerman, A.L., and Baylor, D.A. (1986). Cyclic GMP-sensitive conductance
of retinal rods consists of aqueous pores. Nature 321, 70–72.
Zou, Y., Stoeckli, E., Chen, H., and Tessier-Lavigne, M. (2000). Squeezing
axons out of the gray matter: a role for slit and semaphorin proteins from
midline and ventral spinal cord. Cell 102, 363–375.Neuron 58, 694–707, June 12, 2008 ª2008 Elsevier Inc. 707
